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Abstract² $ UHDOWLPH VWDWHRIFKDUJH 62& HVWLPDWRU
EDVHGRQWKHVLJQDOVREWDLQHGIURPD)LEUH%UDJJ*UDWLQJ
)%*EDVHG VHQVRU V\VWHP LV UHSRUWHG 7KH HVWLPDWRU
KDVXVHGDG\QDPLFWLPHZDUSLQJDOJRULWKPWRGHWHUPLQH
WKHEHVWILWHPSOR\LQJSUHYLRXVO\REWDLQHGH[SHULPHQWDO
GDWD7KHVWUDLQGDWDXVHGZHUHREWDLQHGIURPWKHRSWLFDO
VLJQDO PRQLWRUHG SURYLGLQJ WKH LQSXW WR D VXSHUYLVHG
OHDUQLQJ DOJRULWKP 7KH UHVXOWV DFKLHYHG VKRZ D JRRG
PDWFK ZLWK WKRVH IURP FRQYHQWLRQDO WHFKQLTXHV
DFKLHYLQJ D a DFFXUDF\ ZLWK D a 62& UHVROXWLRQ
7KHV\VWHPKDVEHHQVXFFHVVIXOO\DSSOLHGWRDµSURRIRI
FRQFHSW¶ GHPRQVWUDWRU XVLQJ D EDWWHU\RSHUDWHG WUDLQ
LOOXVWUDWLQJDVDUHVXOWWKHZD\LQZKLFKWKHUHDOWLPH62&
HVWLPDWRU FRXOG EH HPSOR\HG WR HQKDQFH VDIHW\ LQ WKH
JURZLQJHOHFWULFDOYHKLFOHLQGXVWU\

Index Terms² )LEHU %UDJJ *UDWLQJ VWUDLQ VHQVRU
VWDWHRIFKDUJHHVWLPDWLRQG\QDPLFWLPHZDUSLQJ 
 

, ,QWURGXFWLRQ
,7+,80,21 /L,RQ EDWWHULHV DUH SUHIHUUHG IRU PRVW RI
WRGD\¶VHQHUJ\VWRUDJHDSSOLFDWLRQVJLYHQWKHLU IDYRUDEOH
SRZHUDQGHQHUJ\GHQVLW\FKDUDFWHULVWLFV 7KLVPDNHV/L,RQ
EDWWHULHVtheHQHUJ\VWRUDJHPHGLXPRIFKRLFHIRUWKHHOHFWULFDO
YHKLFOH LQGXVWU\ LQ LWV VHDUFK IRU RSWLPXP SHUIRUPDQFH
LQFOXGLQJKLJKFDSDFLW\DQGKLJKSHDNSRZHU>@
'HVSLWHDOOWKHDGYDQWDJHVVHHQLQXVLQJ/L,RQEDWWHULHVRYHU
RWKHU HQHUJ\ VWRUDJH WHFKQRORJLHV WKHUH DUH VWLOO FOHDU
OLPLWDWLRQVRQWKHLUXVHZKLFKDUHPDLQO\UHODWHGWRWKHLUVDIHW\
DQGWKHRSWLPL]DWLRQRIWKHEDWWHU\OLIHVSDQDQGFDSDFLW\)RU
WKLVUHDVRQDQXPEHURIVWXGLHVLQYROYLQJEHWWHUPRGHOOLQJRI
NH\/L,RQEDWWHU\SDUDPHWHUVKDYHEHHQFDUULHGRXWWRDFKLHYH
D EHWWHU XQGHUVWDQGLQJ RI WKH G\QDPLFV RI WKHLU FKHPLVWU\ LQ
RUGHUWRPD[LPL]HWKHLUSHUIRUPDQFHZKLOHQRWFRPSURPLVLQJ
WKHVDIHW\RIWKHLURSHUDWLRQ
6WDWHRIFKDUJH 62& LV RQH VXFK YLWDO SDUDPHWHU WR EH
PRQLWRUHGIRU WKLV W\SHRIEDWWHU\DV LWFDQ OHDG WR LPSRUWDQW
LQIRUPDWLRQDERXWHQHUJ\RSWLPL]DWLRQDQGEDWWHU\VWDELOLW\DV
ZHOO DV WR HQVXUH VDIHW\ RI RSHUDWLRQ 7KH PDLQ WHFKQLTXHV
HPSOR\HG IRU 62& HVWLPDWLRQ XVH PHDVXUHPHQWV RI WKH NH\
HOHFWULFDO SDUDPHWHUV RI WKH EDWWHU\ LQFOXGLQJ FRXORPE
FRXQWLQJ DQG WKH 2SHQ &LUFXLW 9ROWDJH 2&9  (OHFWUR

7KLVSDSHUZDVVXEPLWWHGLQ
% 5HQWH HPDLO %UXQR5HQWH#FLW\DFXN 0 )DELDQ HPDLO
0DWWKLDV)DELDQ#FLW\DFXN 0LRGUDJ 9LGDNRYLF H
PDLO0LRGUDJ9LGDNRYLF#FLW\DFXN76XQHPDLO76XQ#FLW\DFXN
DQG . 7 9 *UDWWDQ HPDLO .79*UDWWDQ#FLW\DFXN DUH ZLWK WKH
6FKRRO RI 0DWKHPDWLFV &RPSXWHU 6FLHQFH DQG (QJLQHHULQJ &LW\
8QLYHUVLW\RI/RQGRQ1RUWKDPSWRQ6TXDUH/RQGRQ(&9+%8.
FKHPLFDO G\QDPLF PRGHOV FDQ DOVR EH FUHDWHG ZLWK WKHVH
SDUDPHWHUVDQGWKXVXVHGWRFKDUDFWHUL]HWKHVWDWHRIWKHEDWWHU\
>@+RZHYHUWKHFRPSOH[LW\RIVXFKPRGHOVEULQJVFKDOOHQJHV
VXFKDVKRZWRDFKLHYHDJRRGHVWLPDWHRI WKH62&ZLWKRXW
FRPSURPLVLQJ WKH SUDFWLFDOLW\ RI WKH V\VWHP LQ ZKLFK WKH
EDWWHU\LVXVHG
7KHUHDUHLPSRUWDQWOLPLWDWLRQVVHHQRQWKHSUDFWLFDOLW\RIWKH
HOHFWULFDO PHDVXUHPHQWV SUHYLRXVO\ GLVFXVVHG ± IRU H[DPSOH
WKH&RXORPE&RXQWLQJ7HFKQLTXHKDVVHULRXVLVVXHVZLWKGULIW
HYHQZLWKDWWHPSWVPDGHWRUHDOL]HDG\QDPLFUHFDOLEUDWLRQ>@
2QWKHRWKHUKDQGWKH2&9PHWKRGLVFOHDUO\QRWVXLWDEOHIRU
LQWKHILHOGDSSOLFDWLRQVDVWKHEDWWHU\QHHGVWREHµUHVWHG¶RU
DW OHDVW FKDUJHG XVLQJ YHU\ ORZ FXUUHQW UDWHV EHIRUH DQ\
PHDVXUHPHQWWDNHVSODFH
)LEHU RSWLF VHQVRUV KDYH EHHQ VKRZQ WR EH DQ LPSRUWDQW
WHFKQRORJ\ZKLFKFDQVHUYHDVWKHEDVLVRILQQRYDWLYHVHQVLQJ
PHWKRGV IRU WKH GHYHORSPHQW RI QHZ PRGHOV DQG WKXV EHWWHU
µUHDOWLPH¶PRQLWRULQJ LQFOXGLQJ/L,RQEDWWHULHV 6XFKILEHU
RSWLF VHQVRUV DUH ZHOO VXLWHG WR XVH ZLWK HOHFWULFDO RU EDWWHU\
V\VWHPV WKH\ DUH LQVXODWLQJ LQ QDWXUH ZLOO QRW FDXVH VKRUW
FLUFXLWLQJDQGDUHXQDIIHFWHGE\HOHFWURPDJQHWLFFRPSDWLELOLW\
LVVXHVDVZHOODVEHLQJ OLJKWZHLJKWDQGHDV\ WRPXOWLSOH[DV
QHHGHG/RRNLQJLQPRUHGHWDLODWRSWLFDOILEHUEDVHGPHWKRGV
;XDQ /LX HPDLO HO[O#OHHGVDFXN ;LDQJ /L HPDLO
HO[OL#OHHGVDFXNDQG.DQJ/L HPDLO./L#/HHGVDFXNDUHZLWK
WKH 6FKRRO RI (OHFWURQLFV (OHFWULFDO (QJLQHHULQJ 'HSDUWPHQW RQ
8QLYHUVLW\RI/HHGV:RRGKRXVH/DQH/HHGV/6-78.

/LWKLXP,RQEDWWHU\VWDWHRIFKDUJHHVWLPDWRUEDVHG
RQ)%*EDVHGVWUDLQVHQVRUDQGHPSOR\LQJ
PDFKLQHOHDUQLQJ
%UXQR5HQWH0DWWKLDV)DELDQ0LRGUDJ9LGDNRYLF;XDQ/LX;LDQJ/L.DQJ/L7RQJ6XQDQG
.HQQHWK79*UDWWDQ
/
%UXQR5HQWHHWDO/LWKLXP,RQEDWWHU\VWDWHRIFKDUJHHVWLPDWRUEDVHGRQRSWLFDOVWUDLQVHQVRU        



)LEHU%UDJJJUDWLQJV)%*VKDYHEHHQVKRZQWREHFDSDEOHRI
PHDVXULQJERWKVXUIDFHVWUDLQ>@DQGWHPSHUDWXUH>@LQWKHVH
VRUWVRIEDWWHULHV6HYHUDOGLIIHUHQWW\SHVRIEDWWHU\µSDFNDJHV¶
KDYHEHHQVWXGLHGIRUWKLVSXUSRVHLQFOXGLQJFRLQFHOOV>@
SRXFK FHOOV >@ DQG F\OLQGULFDO FHOOV >@  7KH ILEHU RSWLF
VHQVLQJ DSSURDFK KDV WKXV SUHYLRXVO\ EHHQ VKRZQ WR RIIHU
LPSRUWDQW DGYDQWDJHV ZKHQ FRPSDUHG WR WKH XVH RI
FRQYHQWLRQDOHOHFWULFDOVHQVRUV>@(IIRUWVWRLQWHJUDWHVHQVRUV
insideWKHEDWWHU\FHOOKDYHDOVRVKRZQVDWLVIDFWRU\UHVXOWVIRU
WKHEHWWHUWKHUPDOPRGHOLQJRIWKHLQWHUQDOEHKDYLRURI/L,RQ
EDWWHULHV>@+RZHYHUWKLVRSWLRQLVRQO\IHDVLEOHDVDQaid 
to modeling and characterizationLQWKHODERUDWRU\FRQWH[WDV
WKH EDWWHU\ ZRXOG WKHQ QRW FRQIRUP WR LQGXVWU\ VWDQGDUGV
UHQGHULQJLWQRWVXLWDEOHIRUXVHLQµUHDOZRUOG¶DSSOLFDWLRQV
7KHUH LV D FRQVHQVXV LQ WKH FRPPXQLW\ WKDW WKH
OLWKLDWLRQGHOLWKLDWLRQ SURFHVVHV FDXVH VWUHVVHV ZLWKLQ WKH
FU\VWDOOLQH VWUXFWXUHRI WKHEDWWHU\ ZKLFK DORQJ ZLWK WKHUPDO
VWUHVVHVVHHQZLOOUHVXOWLQORVVHVRIWKHEDWWHU\FDSDFLW\>@
ZKLFKLVKLJKO\XQGHVLUDEOH7KHUHIRUHDGHTXDWHWHPSHUDWXUH
DQGVWUDLQPHDVXUHPHQWVDUHYLWDOIRUWKHEHWWHUXQGHUVWDQGLQJ
RI WKH EDWWHU\ IXQGDPHQWDOV XQGHUSLQQLQJ WKH FULWLFDO
FKDUJLQJGLVFKDUJLQJRI/L,RQEDWWHULHVQHHGHGIRUWKHLUURXWLQH
XVHLQPDQ\GLIIHUHQWDSSOLFDWLRQVWRGD\
3ULRUZRUNE\*DQJXOL>@KDVXVHG)%*EDVHGVHQVRUVLQ
DQHIIRUWWRDVVHVVVRPHRIWKHLPSRUWDQWFKDUDFWHULVWLFVRIWKH
EDWWHU\in useVXFKDVWKH62&,QWKDWUHVHDUFKWKHGDWDZHUH
VXEMHFWHG WR .DOPDQILOWHULQJ XVLQJ DQ HPSLULFDO HOHFWULFDO
EDWWHU\PRGHO+RZHYHUGHVSLWHDFKLHYLQJJRRGHVWLPDWLRQVRI
WKH 62& WKH DSSURDFK VWLOO UHOLHV RQ PRGHOLQJ DV WKH LQLWLDO
SRLQWRIWKHVWXG\
$VLWFDQEHVHHQIURPDQRYHUYLHZRIWKHOLWHUDWXUHGLVFXVVHG
LQWKLV,QWURGXFWLRQ>±@)%*EDVHGWHFKQRORJ\KDVEHHQ
HPSOR\HGLQGLIIHUHQWZD\VRYHUWKHODVWILYH\HDUV7KLVKDV
WDNHQ DGYDQWDJH RI WKH FDSDELOLW\ WKDW VXFK GHYLFHV KDYH IRU
PHDVXULQJ WKH WZR PRVW LPSRUWDQW SDUDPHWHUV IRU WKH
FKDUDFWHUL]DWLRQRI WKH OLWKLDWLRQSURFHVVQDPHO\ WHPSHUDWXUH
DQGVWUDLQ±DQGPRQLWRULQJWKHVHWRJHWKHUIRUH[DPSOHZKHUH
VWUDLQ DQG WHPSHUDWXUH FKDQJHV RFFXU VLPXOWDQHRXVO\  7KH
VHQVLQJ RI WKH VWUDLQ LQ VXFK EDWWHULHV LQ XVH LV SDUWLFXODUO\
LPSRUWDQW DV LW WHQGV WR EH GLUHFWO\ UHODWHG WR WKH FKHPLFDO
UHDFWLRQ LQVLGH WKH FHOOV  0RQLWRULQJ WHPSHUDWXUH DOORZV
WDFNOLQJ RQH RI WKH PRVW FRPPRQ FDXVH RI IDLOXUH WKHUPDO
UXQDZD\ >@± DQG WKXVEHIRUH PDMRUGDPDJHRFFXUV$SDUW
IURPXVLQJWKHVH)%*EDVHGPHWKRGVWKHUHDUHIHZRWKHUVWKDW
FDQEHHPSOR\HG±IRUH[DPSOHPHDVXULQJWKHUHIUDFWLYHLQGH[
LQVLGH WKH EDWWHU\ REWDLQHG XVLQJ HYDQHVFHQW ZDYHEDVHG
VHQVRUV >@ RU IOXRUHVFHQFHEDVHG ILEHU RSWLF VHQVRUV >@
KRZHYHU WKH\ KDYH QRW EHHQ GHPRQVWUDWHG IRU LQILHOG
DSSOLFDWLRQVDV\HW
7KHG\QDPLFWLPHZDUSLQJ'7:WHFKQLTXHKDVDOVREHHQ
XWLOL]HGE\VRPHUHVHDUFKHUVW\SLFDOO\WRQRUPDOL]HWKHF\FOLQJ
FXUYHWRGHDOZLWKG\QDPLFFXUUHQWFKDUJLQJGLVFKDUJLQJUDWHV
7KHDSSURDFKLQWKHZRUNKHUHLQLVGLIIHUHQWIURPZKDWKDVJRQH
EHIRUH ± LWV DLP LV WR PDNH XVH RI D '7: DOJRULWKP ZKLFK
ZRXOGWKHQDOORZDQDQDO\VLVRIWKHVWUDLQGDWDREWDLQHGIURP
WKHEDWWHU\DQGWKXVDOORZDFRUUHODWLRQRIWKHRXWFRPHRIWKH
PHDVXUHPHQWV GLUHFWO\ ZLWK WKH EDWWHU\ FRQGLWLRQV ± D VWHS
IRUZDUGIURPSUHYLRXVVWXGLHV,QWKHGHPRQVWUDWLRQFDUULHGRXW
LQWKLVZRUNWKLVKDVEHHQDSSOLHGWRERWKDQDXWRPDWHGF\FOLQJ
SRWHQWLRVWDWEDVHG LQVWUXPHQW DQG DQ HOHFWULFWUDLQ
GHPRQVWUDWRUZLWKXVHIXOUHVXOWVUHSRUWHGDQGGLVFXVVHG
,, 6(1625'(6,*1$1'7(676<67(06(783
7KH/L,RQEDWWHULHVXVHGLQWKLVZRUNZHUH9$K
F\OLQGULFDO/L)H32FHOOVDQGDVFDQEHVHHQIURP)LJIRXU
VXFKFHOOVZHUHXVHGLQWKHH[SHULPHQWFDUULHGRXW 7KH\DUH
/L,RQ EDWWHULHV EURDGHO\ W\SLFDO RI WKRVH XVHG LQ LQGXVWU\
LQFOXGLQJHOHFWULFDOYHKLFOHVDVWKHLUFKHPLVWU\LVVWDEOHHQRXJK
WREHPRUHUHOLDEOHDQGVDIHUWKDQRWKHU/L,RQFKHPLVWULHV$V
VKRZQLQ)LJXUHHDFKEDWWHU\ZDVLQVWUXPHQWHGZLWK)%*
EDVHG VHQVRUV JOXHG RQWR WKH  F\OLQGULFDO FHOO VXUIDFH
7KH\DUHFRORFDWHGZLWKLQDVPDOO IRRWSULQWEXWHDFKZLWKD
VOLJKWO\GLIIHUHQWRULHQWDWLRQ7KHVHQVRUVZHUHDWWDFKHGWRWKH
EDWWHU\ SDFNDJH DV WKH\ ZHUH VXSSOLHG PHDQLQJ WKHUH ZHUH
PLQLPDOFKDQJHVWRWKHRULJLQDOSDFNDJLQJLQFOXGLQJWKHQRQ
UHPRYDORIWKHSRO\PHULFFRYHUEOXHSODVWLFVKRZQLQ)LJ
7KLV PHDQV WKDW WKH EDWWHULHV ZHUH QRW µGDPDJHG¶ E\ WKH
LQFOXVLRQ RI WKH VHQVRU V\VWHPV DQ LPSRUWDQW VDIHW\
FRQVLGHUDWLRQ  3ULRU WHVWV FDUULHG RXW VKRZHG WKHUH ZHUH QR
VLJQLILFDQWGLIIHUHQFHVZKHQFRPSDULQJGDWDJDWKHUHGZLWKRU
ZLWKRXWWKLVEDWWHU\FRYHU,QWKLVZD\WKHVHQVRUVXVHGFRXOG
EHUHWURILWWHGHDVLO\WRWKHRULJLQDOSDFNDJLQJZLWKQRSUREOHPV
GXH WR SRWHQWLDO VKRUWFLUFXLW KD]DUGV WKDW FRXOG DULVH IURP
LQWHUIHULQJZLWKWKHPDQXIDFWXUHU¶VRULJLQDOSDFNDJLQJ


)LJ%DWWHU\F\FOLQJVHWXSXVHGLOOXVWUDWLQJWKHHPEHGGHG)%*EDVHG
VWUDLQVHQVRUV
%UXQR5HQWHHWDO/LWKLXP,RQEDWWHU\VWDWHRIFKDUJHHVWLPDWRUEDVHGRQRSWLFDOVWUDLQVHQVRU        
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
7KHSULQFLSOHRIRSHUDWLRQRIWKH)%*EDVHGVHQVRUVLVZHOO
NQRZQGHVFULEHGLQSULRUZRUNE\VRPHRIWKHDXWKRUV>@
7KXV WKH )%*V XVHG DV WKH EDVLV RI WKH WHPSHUDWXUHVWUDLQ
VHQVRUVZHUHPDQXIDFWXUHGXVLQJWKHSKDVHPDVNPHWKRGDQG
LQVFULEHG LQ SKRWRVHQVLWLYH ILEUHV VXSSOLHG E\ )LEHUFRUH
36XVLQJXOWUDYLROHWOLJKWIURPDKLJKSRZHU.U)
H[FLPHUODVHU7KHDFWLYHVHFWLRQRIHDFKVHQVRUKDVDOHQJWKRI
PP D YDOXH VXIILFLHQWO\ VPDOO IRU HDVH RI JOXHLQJ RQ D
F\OLQGULFDOVKDSHDVZHOODVWRPDLQWDLQWHPSHUDWXUHFRQVWDQF\
LQWKHFDOLEUDWLRQ(DFKWULSOHWRIVHQVRUVZDVDWWDFKHGWRHDFK
EDWWHU\ DIWHU EHLQJ SUHVWUDLQHG LQ RUGHU WR DFKLHYH D OLQHDU
UHVSRQVH WKURXJK WHQVLRQDQGFRPSUHVVLRQ H[FXUVLRQV $IWHU
WKHVHQVRUVZHUHPRXQWHGDQGSUHVWUDLQHGWKHLUFKDUDFWHULVWLF
ZDYHOHQJWKVZHUHQPQPDQGQPDOORZLQJD
YHU\ FRQIRUWDEOH H[FXUVLRQ DV WKH SHDN ZDYHOHQJWKV RI WKH
VHQVRUVDUHQPDSDUW7KH)%*EDVHGPHDVXUHPHQWVIURPWKH
VHQVRUVXVHGZHUHSHUIRUPHGXVLQJD0LFURQ2SWLFV60
LQWHUURJDWRU RSHUDWLQJ DW  N+] IRU WKH &&&9 F\FOLQJ
H[SHULPHQWDQGZLWK,EVHQ2SWLFDO0RQLWRUIRUWKHPRGHOWUDLQ
H[SHULPHQWFDUULHGRXW
7KHVHQVLWLYLWLHVWRWHPSHUDWXUHDQGVWUDLQRIWKH)%*EDVHG
GHYRFHVXVHGZHUHRQDYHUDJHSP-?DQGSPİIRUWKH
EDUHILEHUVWKHIRUPHULQFUHDVLQJWRSP-?ZKHQWKH\ZHU H
DWWDFKHG WR WKHEDWWHULHV DIWHU WKH\ZHUHSUHVWUDLQHGDQG WKH
JOXHZDVIXOO\FXUHG)LJVKRZVW\SLFDOVSHFWUDIURPERWK
WKH ILEHU DWWDFKHG WR WKH EDWWHU\ DQG WKH EDUH ILEHU EHIRUH LWV
DWWDFKPHQW VKRZLQJ WKDW WKH SUHVWUDLQ FDXVHV DQ
DSSUR[LPDWHO\QPZDYHOHQJWKVKLIW

)LJ  6SHFWUD RI WKH ILEHU VHQVRUV EHIRUH DQG DIWHU WKH SUHVWUDLQLQJ DQG
IROORZLQJDWWDFKPHQWWRWKHEDWWHU\¶VFHOOERG\

7KLVVHQVLWLYLW\GLIIHUHQFHEHWZHHQWKHUHVSRQVHWRVWUDLQDQG
WHPSHUDWXUHVH[SHULHQFHGPHDQVWKDWWKHVWUDLQFKDQJHVFRXOG
HDVLO\EHKLGGHQE\WKHWHPSHUDWXUHFKDQJHHIIHFW+RZHYHU
XVLQJ WKLV VHQVRU OD\RXW KHUH WKH DSSURDFK WDNHQ DOORZV WKH
GLVFULPLQDWLRQRIWKHVWUDLQPHDVXUHPHQWLQWKHUDGLDOGLUHFWLRQ
E\FDQFHOLQJWKHWHPSHUDWXUHDQGORQJLWXGLQDOVWUDLQJLYHQWKH
GLIIHUHQFHV LQ WKHLU RULHQWDWLRQV  7KXV DV WKH )%*V UHVSRQG
ERWK WR VWUDLQ DQG WHPSHUDWXUH WKHZDYHOHQJWKGDWD IURP WKH
WKUHH)%*VWKDWIRUPWKHEDVLVRIWKHVHQVRUV\VWHPDQGWKDWDUH
DWWDFKHGWRWKHVXUIDFHRI WKHFHOOVZHUHXVHGWRFDOFXODWH WKH
UDGLDOVWUDLQLQIRUPDWLRQ$VWKHVHQVRUVDUHSODFHGDWDNQRZQ
DQJOHLQUHVSHFWZLWKHDFKRWKHUWHPSHUDWXUHGLVFULPLQDWLRQFDQ
EHDFKLHYHGE\XVLQJWKHPHWKRGGHVFULEHGE\3HUHLUDet al>@
$VWKHUDGLDOVWUDLQLVRILQWHUHVWDQGWKHVHQVRUVZHUHVPDOODQG
VXIILFLHQWO\FORVH WRHDFKRWKHU WKH WHPSHUDWXUHFRPSHQVDWHG
PHDVXUHPHQWRI WKH UDGLDO VWUDLQ İUFDQEHGHULYHG IURPWKH
IROORZLQJUHODWLRQVKLS
 ߝ௥ ൌ ቀ ?ഊభഊభ ି ?ഊమഊమ ቁሺଵି௣೐ሻିሺଵିୡ୭ୱሺఏሻమሻ
ZKHUHSHLVWKHSKRWRHODVWLFFRHILFLHQWRIVLOLFDȜDQGȜDUH
WKH%UDJJZDYHOHQJWKVIRUHDFKVHQVRUDQGșWKHDQJOHEHWZHHQ
WKHP $V WKHUH DUH WKUHH VHQVRUV WKH UHVSRQVH RI WKH
FRPELQDWLRQ RI SDLUV ZDV DYHUDJHG WR DFKLHYH D PRUH VWDEOH
FRPSHQVDWLRQ7KHUHVXOWLQJFDOLEUDWLRQZDVWHVWHGLQDVWDEOH
FKDPEHU XVLQJ FRORFDWHG WKHUPRFRXSOHV DQG FRQYHQWLRQDO
VWUDLQJDXJHVDVDUHIHUHQFHWRHQVXUHWKHV\VWHPZRUNHGZHOO
,QRUGHUWRFUHDWHDQHIIHFWLYHFRPSDULVRQRIWKHSHUIRUPDQFH
RIWKHV\VWHPGHYHORSHGZLWKWKDWRIZHOOHVWDEOLVKHGPHWKRGV
IRU62& HVWLPDWLRQ D FRQVWDQWFXUUHQWFRQVWDQWYROWDJH &&
&9SURFHGXUHZDVDGRSWHGIRUWKHEDWWHU\FKDUJLQJIROORZLQJ
D&&GLVFKDUJH,QDGGLWLRQWRWKHXVHRIWKH)%*EDVHGVHQVRU
V\VWHP PRQLWRULQJ WKH FHOO FXUUHQW &RXORPE &RXQWLQJ DQG
YROWDJHZHUHDOVRUHFRUGHG
)LJXUH  VKRZV WKH FOHDU FRUUHODWLRQ EHWZHHQ WKH VWUDLQ
PHDVXUHG IURP HDFK EDWWHU\ XVLQJ WKH )%* VHQVRUV DQG LWV
62& FDOFXODWHG XVLQJ &RXORPE &RXQWLQJ ZKHQ WKH\ ZHUH
VXEMHFWHGWRDVHULHVRIFKDUJHGLVFKDUJHF\FOHVSHUIRUPHGDWD
UDWHRI&XVLQJDSRWHQWLRVWDW


)LJ,OOXVWUDWLRQRI&&&9FKDUJHVDQG&&GLVFKDUJHVRUDQJHDORQJZLWK
WKH)%*VWUDLQUHVSRQVHEOXH
8VLQJWKHDERYHWKHV\VWHPZDVHYDOXDWHGLQDFRQYHQLHQW
ODERUDWRU\EDVHG HQYLURQPHQW ZKLFK VDWLVIDFWRUDOO\ PLPLFV
µUHDO ZRUOG¶ XVH DQG FRQVLVWLQJ RI D PRGHO WUDLQ FLUFXLW
DVVHPEO\WRVLPXODWHWKHRSHUDWLRQRIDEDWWHU\RSHUDWHGYHKLFOH
LQ QRUPDO XVH 7KLV H[SHULPHQW DOORZV WDFNOLQJ RQH RI WKH
%UXQR5HQWHHWDO/LWKLXP,RQEDWWHU\VWDWHRIFKDUJHHVWLPDWRUEDVHGRQRSWLFDOVWUDLQVHQVRU        



ELJJHU LVVXHV DULVLQJ IURP WKH GLVFXVVLRQ SUHVHQWHG LQ WKH
,QWURGXFWLRQWKHODFNRIWHVWVSHUIRUPHGXQGHUFRQGLWRQVZKHUH
WKHUHDUHXQFHUWDLQWLHVLQHYLWDEO\SUHVHQWLQILHOGDSSOLFDWLRQV
VXFK DV LQ DQ HOHFWULFDO YHKLFOH  7R ORRN DW WKLV FORVHO\ WKH
GHPRQVWUDWRU ZDV UXQ XQGHU VHYHUDO GLIIHUHQW FRQGLWLRQV RI
WHPSHUDWXUH UDQGRP QRLVH DQG XQNQRZQ LQLWLDO 62& DV WKH
VWDUWVWRS UXQV DUH QRW DV SUHFLVH DV LV WKH SRWHQWLRVWDW
H[SHULPHQW
$ SRUWDEOH LQWHUURJDWRU IURP ,EVHQ 3KRWRQLFV ZDV XVHG LQ
FRQMXQFWLRQ ZLWK D 5DVSEHUU\3L SURFHVVRU IRU WKH GDWD
DFTXLVLWLRQDVLOOXVWUDWHGLQ)LJ+HUHDFHOOEDWWHU\SDFN
ZDVXVHGZKLFKZDVDSSURSULDWHWRWKHWUDLQEDVHGVLPXODWLRQ
XQGHUWDNHQKHUHDQGDJDLQFXUUHQWDQGYROWDJHZHUHPHDVXUHG
IRU WKH &RXORPE&RXQWLQJ FRPSDULVRQ DV ZHOO DV WR HQVXUH
VDIHW\LQWKHH[SHULPHQWDOVHWXS)RUHDFKGLVFKDUJHF\FOHWKH
WUDLQZDVFRQWLQXRXVO\RSHUDWHGXQWLOWKHYROWDJHUHDFKHGDVDIH
PLQLPXPRI9



)LJ,QVWUXPHQWHGEDWWHU\RSHUDWHGGHPRQVWUDWRUWUDLQ

)ROORZLQJWKHDFTXLVLWLRQRIWKHF\FOLQJGDWDREWDLQHGIURP
ERWKWKHSRWHQWLRVWDWDQGWKHPRGHOWUDLQUXQVXQGHUWDNHQWKH
G\QDPLFWLPHZDUSLQJ'7:PHWKRGZDVXVHGWRHYDOXDWHWKH
VWUDLQGDWDREWDLQHGIURPWKHRSWLFDOVHQVRUVDQGWRHVWDEOLVKWKH
FRUUHODWLRQRIWKHVWUDLQZLWKWKH62&RIWKHFHOOV
'7:LVDPHWKRGZLGHO\XVHGWRUHFRJQL]HSDWWHUQVLQWLPH
VHULHVGDWDXVHGLQVSHHFKUHFRJQLWLRQDQGRWKHUZDYHIRUPVLQ
GLVFUHWHWLPHVHULHV7KHPHWKRGLVEDVHGRQWKHFDOFXODWLRQRI
WKHPLQLPXPZDUSLQJSDWKWKDWDVDPSOHGVHWRIGDWDQHHGVWR
ILW D PRGHO VHW LH WKH DOJRULWKP FDOFXODWHV WKH PLQLPXP
µGLVWDQFH¶ WKDW LV UHTXLUHG WR WUDQVIRUP RQH VHW RIGDWD LQWR D
SUHYLRXVO\VWRUHGRQH>@
7KH'7:PHWKRGLVWKHQXVHGWRFDOFXODWHWKHµFRVWIXQFWLRQ¶
RIWKHFRPSDULVRQEHWZHHQWZRVLJQDOVDQGWKXVWRLGHQWLI\WKH
µOHDVWFRVWO\¶ZDUSLQJSDWK $PDWUL[ZLWK WKH WZRVLJQDOV LV
FUHDWHGDQ1E\0PDWUL[ZKHUH1DQG0DUHWKHOHQJWKVRI
WKH WZR WLPH VHULHV REWDLQHG IURP WKH WHVWLQJ DQG WKH
FRPSDULVRQVHULHVUHVSHFWLYHO\(DFKHOHPHQWGLMLQWKLVPDWUL[
ZLOOEHHTXLYDOHQWWRWKH(XFOLGHDQGLVWDQFHEHWZHHQWKHYDOXHV
[LIURPWKHWHVWLQJVHULHVDQG\LZKHUHLM «IURPWKH
FRPSDULVRQVHULHVXVLQJWKHUHODWLRQVKLS
 ݀௜ǡ௝ ൌ หݔ௜ െ ݕ௝หǡ ׊݆݅

7KHUDWLRQDOHXVHGLQWKLVZRUNLVWKDWWKHµFRVW¶EHWZHHQWKH
VWUDLQGDWDEHLQJPHDVXUHGZLOOEHDPLQLPXPZKHQFRPSDUHG
WR D IUDFWLRQ RI WKH HQWLUH F\FOH ZLWK WKLV F\FOH KDYLQJ EHHQ
FDOLEUDWHGDJDLQVWLWVDVVRFLDWHG62&)RULQVWDQFHLIWKHFHOO
LV DW  62& WKH GLVWDQFH ZLOO EH PLQLPDO ZKHQ WKH
FRPSDULVRQ LV PDGH DJDLQVW KDOI RI WKH FKDUJLQJ JUDSK DQG
KLJKHUDWRWKHUYDOXHV7KHPLQLPXPGLVWDQFHLVDFKLHYHGE\
WKHXVHRIWKHQHDUHVWQHLJERXUFODVVLILHUPHWKRG
,,, 62&(9$/8$7,2186,1*675$,1'$7$
$V GLVFXVVHG HDUOLHU WKH /L,RQ LQWHUFDODWLRQ ZLOO FDXVH
VWUHVVHVRQWKHEDWWHU\+RZHYHUWKHZKROHHIIHFWRIVWUDLQZLOO
RFFXUDWWKHDQRGHGXHWRWKHVZHOOLQJRIWKHJUDSKLWLFVWUXFWXUH
XVHG>@7KRVHVWUDLQGDWDZHUHWKHQXVHGLQWKLVZRUNIRUWKH
FKDUDFWHUL]DWLRQRIWKHEDWWHU\62&'HVSLWHWKHIDFW WKDWWKH
VWUDLQGDWDZHUHOLNHO\WREHYDOXDEOHWRUHIOHFWWKHEDWWHU\VWDWH
WKHFKHPLVWU\DQGJHRPHFWULFFRPSOH[LW\DVVRFLDWHGZRXOGEH
H[SHFWHGWRVKRZQRQOLQHDUEHKDYLRXUDVVKRZQLQWKHF\FOHV
RI FKDUJLQJGLVFKDUJLQJ LOOXVWUDWHG LQ )LJ   WKH GDWD ZHUH
REWDLQHGIURPDSRWHQWLRVWDW

)LJ)%*GDWDIURPWZRVXEVHTXHQW&&&9FKDUJLQJGLVFKDUJLQJF\FOHVDW
&UDWH

,W FDQ EH VHHQ WKDW WKH F\FOLFDO GDWD REWDLQHG ZHUH YHU\
UHSURGXFLEOH DQG WKDW WKH FKDUJLQJGLVFKDUJLQJ SURFHVVHV DUH
HDVLO\ GLVWLQJXLVEOH KRZHYHU WKH 62& LV QRW D VLPSOH
SRO\QRPLDOIXQFWLRQRIWKHVWUDLQ7KHUHIRUHD'7:DOJRULWKP
ZDV LPSOHPHQWHG DV D PHDQV WR SUHGLFW WKH 62& LQVWHDG RI
FUHDWLQJDVLPSOHILWWLQJRIWKHGDWD
7KH '7: DOJRULWKP FUHDWHG IRU WKLV DSSOLFDWLRQ ZDV
GHYHORSHG XVLQJ WZR DSURDFKHV DQG WKHLU SHUIRUPDQFH
FRPSDUHG,WVKRXOGEHQRWHGWKDWWKHZKROHVWUDLQGDWDVHW
IURPWKHEHJLQQLQJRILWVFKDUJLQJRUGLVFKDUJLQJSURFHVVZDV
FRPSDUHGWRSDUWVRIWKHWUDLQLQJGDWDVLPLODUWRWKDWVKRZQLQ
)LJ7KHNH\VLPLODULW\LHWKHPLQLPXP(XFOLGHDQGLVWDQFH
EHWZHHQ WKH WZR GDWDVHWV ZLOO EH D PD[LPXP ZKHQ LW LV
LQGLFDWHGWKDWWKHEDWWHULHVKDYHWKHVDPHFDSDFLW\)XUWKHU
%UXQR5HQWHHWDO/LWKLXP,RQEDWWHU\VWDWHRIFKDUJHHVWLPDWRUEDVHGRQRSWLFDOVWUDLQVHQVRU        



IUDFWLRQVRIWKHVWUDLQGDWDVHWZHUHFRPSDUHGZLWKWKHWUDLQLQJ
GDWDDVE\GRLQJVRWKHRXWFRPHH[SHFWHGZRXOGEHDQLQFUHDVH
RIWKHFRPSXWDWLRQDOSHUIRUPDQFHDVWKHGDWDVHWVL]HIRU'7:
GHFUHDVHVWKXVDYRLGLQJWKHQHHGWRNQRZDFFXUDWHO\WKHSRLQW
ZKHUHWKHF\FOLQJEHJLQVDQGHQGV7KHGUDZEDFNLQWKLVFDVH
LV D ORVV LQ DFFXUDF\ DV WKH VPDOOHU GDWDVHW ZLOO EH OHVV
LGHQWLILDEOH IRU XVH ZLWK WKH DOJRULWKP  )LJ  VKRZV WKH
SUHGLFWLRQRIDFKDUJLQJF\FOHXVLQJWKH'7:DOJRULWKPRQWKH
)%*EDVHG VHQVRU VWUDLQ GDWD IRU WKH ODWWHU DSURDFK DV LWV
VXSHULRU SHUIRUPDQFH KDV VKRZQ LW WR EH PRUH FRPSDWLEOH WR
WKDWIRUWKHGHVLUHGDSSOLFDWLRQ7KHUHVROXWLRQZDVIL[HGDW
62&7KHH[SHFWHG62&LVWKHYDOXHRIWKHUHIHUHQFHXVHGIRU
WUDLQLQJWKHGDWDVHW,QWKLVFDVHWKHUHIHUHQFHXVHGZDVWKHGDWD
DFTXLUHG E\ WKH &RXORPE &RXQWLQJ PHWKRG  'HVSLWH WKLV
PHWKRGLVEHLQJXVHGIRUWKLVGHPRQVWUDWLRQLQWKLVZRUNDQ\
UHIHUHQFHPHWKRGFRXOGEHXVHGLQVWHDGWKLVEHLQJWKHRSWLPDO
FDVH RI D PL[ RI PHWKRGV ZLWK PRGHOV DV GHVFULEHG LQ WKH
,QWURGXFWLRQ

)LJ3UHGLFWLRQRIWKH62&XVLQJ'7:DOJRULWKPRQWKH)%*VWUDLQGDWD
DQGUHVLGXDOVFRPSDULQJWRWKHRSWLPXPSUHGLFWLRQ

7KH UHVXOW REWDLQHG IRU WKH SUHGLFWLRQ RI WKH 62&VKRZHG
WKDWWKHPD[LPXPYDOXHVRIWKHUHVLGXDOVDOZD\VDUHIRU
DOOFDVHVZKHQWKHPHWKRGGLVFXVVHGLVXVHGZKHQFRPSDULQJ
WRWKHH[SHFWHGYDOXHV7KHILJXUHVDUHYHU\VLPLODUIRUERWK
FKDUJLQJWRGLVFKDUJLQJDOWKRXJKVRPHGLIIHUHQFHVDULVHIURP
WKH IDFW WKDW WKHFXUYHV VKDSHVDUHQRW WKH VDPHDQG WKXV WKH
'7:SHUIRUPDQFHZLOOOLNHO\EHVRDVZHOO,WLVZRUWKQRWLQJ
WKDW WKH DOJRULWKP ZLOO IDLO LI WKH JUDSK KDV ORQJ SHULRGV RI
µVWHDG\¶ EHKDYLRXU DV LWV VKDSH ZLOO QRW GLIIHU DFURVV WKH
GLIIHUHQW WLPH LQWHUYDOV VWXGLHG  0RUHRYHU WKLV PHWKRG ZDV
WHVWHGLQWKLVZRUNIRUWKH/L)H32FKHPLVWU\RI/L,RQEDWWHU\
RQO\)RUFKHPLVWULHVRWKHUWKDQWKDWPHQWLRQHGLWLVOLNHO\WKDW
WKH VKDSH RI WKH JUDSK ZLOO EH FRPSOHWHO\ GLIIHUHQW WKXV WKH
'7:ZLOOIDLOWRILQGVLPLODULWLHV7KHWUDLQLQJGDWDXVHGWKXV
PXVWEHREWDLQHGIURPEDWWHULHVRIWKHVDPHW\SHDVZDVGRQH
IRUWKHVDPSOHXVHGLQWKHWHVWLQJKHUH
)RFXVLQJRQWKHPDLQJRDORIWKLVSURMHFWWKHVDPHDSSURDFK
ZDVLPSOHPHQWHGRQDIXUWKHUPRGHOWUDLQGHPRQVWUDWRUDQGLQ
WKLV FDVH DGGLWLRQDO FKDOOHQJHV ZHUH VHHQ 7KH GHPRQVWUDWRU
KDVEHHQGHVLJQHGWREHDVFORVHDVSRVVLEOHWRWKHVLWXDWLRQVHHQ
IRUDUHDOIXOOVL]HGHOHFWULFWUDLQDQGEHIXOO\UHSUHVHQWDWLYH
HYHQWKRXJKLWLVDPRGHO7KHUHIRUHLWUHIOHFWVWKHVLWXDWLRQ
ZLWKWKHIXOOVL]HGWUDLQZKHUHHUURUVFDXVHGE\HQYLURQPHQWDO
IDFWRUV VXFK DV WHPSHUDWXUH YDULDWLRQV DQG GHYLDWLRQV RQ WKH
FXUUHQW UDWH RI FKDUJLQJ DQG GLVFKDUJLQJ ZLOO EH VHHQ  2QH
LPSRUWDQWIDFWRU WREHFRQVLGHUHGLV WKDW WKHFKDUJLQJSURFHVV
QHHGVWREHFDUULHGRXWZLWKWKHWUDLQV\VWHPLQVWUXPHQWVDQG
SRZHU PDQDJHPHQW RSHUDWLQJ  7KH WHVW WUDLQ LWVHOI GUDLQV
URXJKO\P$IURPWKHWKUHHEDWWHU\SDFN9ZKLOHWKH
LQVWUXPHQWV DWWDFKHG WR LW GUDLQ  P$  7KHUHIRUH WKH
FKDUJLQJFXUYHZLOOEHIODWWHQHGDVVKRZQLQWKHH[DPSOHVHHQ
LQ)LJIRUHDFKF\FOH,QWKLVJUDSKWKHGLVFKDUJLQJSURFHVV
ODVWV IRU RQH KRXU ZKLOH WKH FKDUJLQJ F\FOH ODVWV WKUHH WLPHV
ORQJHUWKDQWKDWDVWKHSRZHUFRQVXPSWLRQLVWZRWKLUGVRIWKH
EDWWHU\FKDUJLQJUDWH'HVSLWHWKHODUJHUHUURUVLQYROYHGRQWKH
F\FOLQJG\QDPLF WKHGDWDDUH VWLOO UHSURGXFLEOH VR WKH'7:
DOJRULWKPFDQEHDSSOLHGXVLQJWKHVDPHDSSURDFKDVZLWKWKH
SRWHQWLRVWDWF\FOLQJGDWD$QRWKHULQWHUHVWLQJREVHUYDWLRQIURP
WKLV JUDSK LV WKDW GHVSLWH WKH VDPH GLVFKDUJH UDWH & EHLQJ
XVHGWKHVKDSHRIWKHJUDSKVKRZLQJWKHVWUDLQFKDQJHVLVYHU\
GLIIHUHQWVXJJHVWLQJWKDWWKHQDWXUHRIWKHORDGZLOODIIHFWWKH
VWUDLQFDXVHGWRWKHEDWWHU\:KLOHWKHORDGLVWRWDOO\UHVLVWLYH
LQ WKH SRWHQWLRVWDW FDVH LW LV PDLQO\ LQGXFWLYH LQ WKH
GHPRQVWUDWRU

)LJ  6WUDLQ GDWD IURP WZR GLIIHUHQW F\FOHV RI WKH WUDLQ GHPRQVWUDWRU
RSHUDWLRQDQGWKHYROWDJHIRUWKHFHOOGXULQJHDFKRIWKHH[SHULPHQWV

$QRWKHU YHU\ LPSRUWDQW SDUDPHWHU WKDW FDQ EH GHWHUPLQHG
IURP DQDO\VLV RI WKH VDPH GDWD DV GLVFXVVHG DERYH LV WKH
WHPSHUDWXUHVKLIW'HVSLWHWKHHQYLURQPHQWWHPSHUDWXUHEHLQJ
NHSWFRQVWDQWWKHUHLVDWHPSHUDWXUHVKLIWWKDWLVUHODWHGWRWKH
FKDUJLQJDQGGLVFKDUJLQJSURFHVVHV WKURXJK WKHQDWXUHRI WKH
UHDFWLRQH[SHULHQFHG,WLVLPSRUWDQWWRREVHUYHWKDWEHKDYLRXU
DVVKRZQLQ)LJ
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
)LJ7HPSHUDWXUHYDULDWLRQGDWDREWDLQHGIURPRQHF\FOHRIWKH
GHPRQVWUDWRUXVH

7KHWHPSHUDWXUHLVVHHQWRIROORZWKHVWUDLQEHKDYLRXUDQG
LQFUHDVH GXULQJ GLVFKDUJH DV H[SHFWHG  +RZHYHU LW LV FOHDU
IURP )LJ  WKDW WKH VHFRQG KDOI RI WKH GLVFKDUJLQJ SURFHVV
JHQHUDWHVPRUHVLJQLILFDQWFKDQJHVLQVWUDLQWKDQDUHVHHQLQWKH
WHPSHUDWXUH7KHVDPHHIIHFWRFFXUVIRUWKHFKDUJLQJSURFHVV
DVWKHWHPSHUDWXUHFKDQJHVDUHOHVVDEUXSWWKDQWKHVWUDLQ7KLV
NLQGRIUHVXOWFDQEHQHILWWKHGHYHORSPHQWRIEHWWHUPRGHOVIRU
WKHHOHFWURFKHPLFDOFKDUDFWHUL]DWLRQRIWKHEDWWHULHV$QRWKHU
SRWHQWLDORXWFRPHIURPWKH WHPSHUDWXUHPHDVXUHPHQWV LV WKDW
WKH\FDQEHXVHGLQWKHVDPHZD\DVWKHVWUDLQGDWDWRLQFUHDVH
WKHDFFXUDF\RI WKHSUHGLFWLRQV +RZHYHU WKLV LVEH\RQG WKH
VFRSHRIWKLVVWXG\DQGZLOOEHGLVFXVVHGLQVXEVHTXHQWZRUN
)LJVKRZVWKHUHVXOWVRIWKHXVHRIWKHSUHGLFWLYHDOJRULWKP
HPSOR\LQJ WKH GDWD JHQHUDWHG IURP WKH YDULRXV F\FOHV RI WKH
GHPRQVWUDWRU PRGHO WUDLQ FRQVLGHUHG  ,Q WKLV FDVH WKH
SUHGLFWLRQ UHVXOWV VKRZ KLJKHU HUURUV WKDQ ZHUH VHHQ IRU WKH
SRWHQWLRVWDW PHDVXUHPHQWV SRVVLEO\ EHFDXVH RI UDQGRP
YDULDWLRQV RI FXUUHQW UDWH FRPSDUHG ZLWK WKH FRQWUROOHG
HQYLURQPHQW RI WKHSRWHQWLRVWDW 7KHSUHGLFWHG62& VROLG 
EOXHFXUYHGHYLDWHVVOLJKWO\IURPWKHRSWLPXPILWGDVKHGUHG
FXUYHZKHQWKH62&DSSURDFKHV7KLVFDQLQGLFDWHWKDW
WKHEDWWHU\VWDWHRIKHDOWK62+LVQRWWKHVDPHDVWKHWUDLQLQJ
GDWD ZKLFK FRXOG EH XVHG LQ D IXWXUH 62+ HVWLPDWRU DQG EH
FRUUHFWHGE\WKLV7KHREVHUYHGHUURULVVWLOOaHYHQLQWKHVH
FDVHV

)LJ62&SUHGLFWLRQXVLQJWKHGHPRQVWUDWRUWUDLQGDWDVHWVDQGUHVLGXDOV
IRUFRPSDULVRQWRWKHRSWLPXPSUHGLFWLRQ

$V VKRZQ LQ WKH 62& SUHGLFWLRQ LOOXVWUDWHG LQ )LJ  WKH
SHUIRUPDQFH RI DOO WKUHH VHQVRUV ZDV YHU\ VDWLVIDFWRU\ DQG D
FORVH FRUUHODWLRQ ZLWK WKH WUDLQLQJ GDWD ZDV DFKLHYHG  7KH
DOJRULWKPFRQWDLQVVRPHDGMXVWPHQWSDUDPHWHUVRQZKLFKWKH
TXDOLW\ RI WKH UHVXOWV ZLOO GHSHQG  7KH PRVW LPSRUWDQW
SDUDPHWHU LV WKH 62& UHVROXWLRQ ZKLFK ZDV VHW WR 
WKURXJKRXWWKLVLQYHVWLJDWLRQ7KHWHVWLQJZLQGRZLHWKHVL]H
RIWKHGDWDVHWWREHFRPSDUHGZLOOGLUHFWO\DIIHFWWKHDFFXUDF\
RIWKHSUHGLFWLRQ7KHODUJHUWKHGDWDVHWVWKHEHWWHUZLOOEHWKH
FRUUHODWLRQZLWKWKHWUDLQLQJGDWDDQGWKXVWKHFRQILGHQFHWKDW
WKH PLQLPXP (XFOLGHDQ GLVWDQFH ZLOO UHIOHFW ZHOO WKH
FRUUHODWLRQ$QRWKHUSDUDPHWHUZKLFKPXVWEHVHWLVWKHQXPEHU
RIWUDLQLQJF\FOHVWREHXVHGRQWKHFRPSDULVRQ7KHQXPEHU
RIF\FOHVFKRVHQLVDEDODQFH LWPXVWEHKLJKHQRXJKWRGHDO
ZLWK UDQGRPIOXFWXDWLRQVRQ WKHGDWDEXWQRW ODUJHHQRXJK WR
LQFUHDVHWKHFRPSXWDWLRQDOFRVWWRWKHSRLQWZKHUHWKHPHWKRG
EHFRPHV LPSUDFWLFDO  7KH '7: IXQFWLRQ LV WKH PRVW
FRPSXWDWLRQDOO\FRVWO\RIDOOWKHSDUWVRIWKHDOJRULWKPDQGPXVW
WKHUHIRUHEHFDUHIXOO\DGMXVWHG LI LPSOHPHQWHG LQD UHDOWLPH
V\VWHP)LJVKRZVDQH[DPSOHRIDQH[SHULPHQWDOUXQZLWK
WKHUHDOWLPHHVWLPDWRUDQGLWVFRPSDULVRQZLWKWKHDSSURDFKRI
WKH&RXORPE&RXQWLQJPHWKRG

)LJ5HDOWLPHFRPSDULVRQEHWZHHQWKHSURSRVHGPHWKRGDQGD&RXORPE
FRXQWHUIRUWKHWUDLQGHPRQVWUDWRU
   
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
7KLV H[SHULPHQW XVHV WKH '7: DOJRULWKP ZKLFK ZDV
SUHYLRXVO\ HYDOXDWHG LQ WHUPV RI LWV FKDUDFWHULVWLFV VXFK DV
UHVROXWLRQ DQG WUDLQLQJ GDWD VL]H DV ZHOO DV IRU HUURUV LW
GHPRQVWUDWHGWKURXJKWKHUHVLGXDOJUDSKVLQWKLVSDSHU,WKDV
EHHQDSSOLHGIRUHDFKGDWDSRLQWGXULQJWKHHQWLUHUXQKDYLQJ
WKXVRQHSUHGLFWHGSRLQWHYHU\VHFRQGV7KHFRPSXWDWLRQDO
FRVW VKRZHG WKLV WREH VXIILFLHQWO\ VPDOO IRU WKLV DSSOLFDWLRQ
GHPRQVWUDWLQJWKDWHYHQPRUHVRSKLVWLFDWHGDOJRULWKPVFRXOGEH
UXQLQVXFKDV\VWHPLQUHDOWLPH7KH62&HUURUVDVVRFLDWHG
ZLWKWKHSUHGLFWLRQZDVLQGHHGDVZDVH[SHFWHGKDYLQJKLJKHU
HUURUV FRPSDUHG WR WKH &RXORPE &RXQWLQJ DSSURDFK RQ WKH
VHFRQGRIWKHUXQVFDUULHGRXWDVVKRZQLQWKHUHVLGXDOVLQWKH
JUDSKLQ)LJ
$OOWKH62&FXUYHVREWDLQHGLQWKLVZRUNDQGIURPDQ\RQH
RIWKHVHYHUDOFHOOVWHVWHGDUHHVVHQWLDOO\VLPLODUVRWKH'7:
DOJRULWKPFDQEHXVHGWRFRPSDUHRQHFHOODJDLQVWDQ\RWKHU
7KXVFRQYHQLHQWO\DXVHUFRXOGVHOHFWDEUDQGQHZEDWWHU\DQG
XVHWKHWUDLQLQJLQIRUPDWLRQREWDLQHGIURPWKHROGEDWWHULHVWKDW
KDGSUHYLRXVO\EHHQHYDOXDWHG 7KXV WKHUHVXOWVREWDLQHGDUH
UHSUHVHQWDWLYHIURPDOOFHOOVEXW\HWFRPHIURPDUDQGRPF\FOH
IURPRQHFHOORQO\
,9 ',6&866,21
7KH ZRUN XQGHUWDNHQ KDV VKRZQ FOHDUO\ WKDW D VLPSOH
PDFKLQHOHDUQLQJ DOJRULWKP EDVHG RQ '7: FDQ EH XVHG WR
HYDOXDWHWKH62&RIUHSUHVHQWDWLYH/L,RQEDWWHULHVXVLQJILEUH
RSWLFVHQVRUVZKLFKDUHKLJKO\FRPSDWLEOHZLWKLQVWDOODWLRQRQ
VXFK EDWWHU\ V\VWHPV 7KH )%*EDVHG VHQVRU GDWD REWDLQHG
ZHUHVKRZQWREHUHOLDEOHDQGVXIILFLHQWO\UHSURGXFLEOHWRVHUYH
DVWKHLQSXWIRUWKH'7:DOJRULWKPXVHG
$UHVROXWLRQRI62&ZDVDFKLHYHGZLWKDQDFFXUDF\RI
EHWWHUWKDQLQDOOFDVHVDQGHYHQEHWWHUWKDQLQFHUWDLQ
SDUWLFXODUVLWXDWLRQV7KHDFFXUDF\ILJXUHKDVEHHQVKRZQWREH
KLJKO\GHSHQGHQWRQWKHGDWDEHKDYLRXUDVEHWWHUUHVXOWVZHUH
DFKLHYHG ZKHQ GDWD VKRZ VXIILFLHQW YDULDWLRQ LQ WLPH  7KLV
FKDUDFWHULVWLFDULVHV IURP WKHQDWXUHRI WKH'7:PHWKRGDQG
FDQEHPLWLJDWHGZLWKWKHXVHRIRWKHUPHWKRGVLQSDUDOOHOVXFK
DV.DOPDQILOWHULQJRUQHXUDOQHWZRUNVXVLQJWKHVDPHGDWDDV
LQSXW
7KHIDFWWKDWWKHVHQVRUVDUHVXUIDFHPRXQWHGRQWKHEDWWHU\
UDWKHUWKDQEHLQJHPEHGGHGinsideWKHFHOOVLOOXVWUDWHVWKDWWKLV
LVDIHDVLEOHDSSURDFKWRFUHDWLQJDQRYHOFRVWHIIHFWLYHQRQ
LQYDVLYHPHWKRGIRU62&SUHGLFWLRQ7KHUHIRUHWKHV\VWHPKDV
EHHQ VKRZQ WR EH UHDG\ IRU DSSOLFDWLRQV WR VDIHW\VHQVLWLYH
HQYLURQPHQWV VXFK DV LQGXVWULHV ZKHUH /L,RQ EDWWHULHV DUH
FXUUHQWO\ XVHG  5HFRJQL]LQJ WKH SUHGLFWHG JURZWK RI /L,RQ
EDWWHULHV LQ DXWRPRWLYH DQG UDLO WUDQVSRUW DV ZHOO DV ZLGHU
SRWHQWLDO DSSOLFDWLRQV RI /L,RQ EDWWHULHV DFURVV D UDQJH RI
VHFWRUVHPSKDVL]HVWKHYDOXHRIWKHDSSURDFKGHPRQVWUDWHG
7KHXVHRIWKHPRGHOWUDLQKDVSURYHGWREHYHU\HIIHFWLYHIRU
WKLV SURRIRIFRQFHSW VWXG\ IRU IXWXUH EDWWHU\ PDQDJHPHQW
V\VWHPVHVSHFLDOO\LQHOHFWULFDOYHKLFOHV7KHV\VWHPEHKDYLRXU
ZDVVKRZQWREHUHOLDEOHDQGLQGHHGYHU\VDWLVIDFWRU\RSHUDWLQJ
DV LW GRHV LQ UHDO WLPH DQG FDQ WKXV VXFK D V\VWHP FDQ EH
HPSOR\HG HIIHFWLYHO\ LQ D YDULHW\ RI µUHDOZRUOG¶ HOHFWULFDO
YHKLFOHDSSOLFDWLRQV
$&.12:/('*0(17
*UDWWDQDQG6XQDUHSOHDVHGWRDFNQRZOHGJHWKHVXSSRUWIURP
WKH5R\DO$FDGHP\RI(QJLQHHULQJIRUWKLVZRUN
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'U%UXQR5HQWHKDVDGHJUHHRQ(OHFWURQLF(QJLQHHULQJIURP
)HGHUDO&HQWUHIRU7HFKQRORJLFDO(GXFDWLRQ5LRGH-DQHLUR
%UD]LOLQ+HJRWKLVPDVWHUGHJUHHLQWKH%UD]LOLDQ
&HQWHUIRU5HVHDUFKLQ3K\VLFVZKHUHKHJDLQHGH[SHULHQFH
ZLWKLQVWUXPHQWDWLRQDQGSKRWRQLFV+HZRUNHGDVODERUDWRU\
HQJLQHHUIRUWKH0HWDOOXUJ\DQG0DWHULDO'HSDUWPHQWRIWKH
VDPHXQLYHUVLW\KHZDVDZDUGHGD3K'GHJUHHIURPWKH
)HGHUDO8QLYHUVLW\RI5LRGH-DQHLURLQ,QWKDWRFFDVLRQ
KLVZRUNZDVIRFXVHGLQSKRWRQLFVDQGPDWHULDOVIRU
FKHPLVWU\RSWLFVDQGWULERORJLFDODSSOLFDWLRQV+HZDV
OHFWXUHUIRUWKH)HGHUDO&HQWUHIRU7HFKQRORJLFDO(GXFDWLRQ
5LRGH-DQHLURLQWKHILHOGRI,QVWUXPHQWDWLRQDQG(OHFWURQLFV
+LVUHVHDUFKLQWHUHVWVDUHPDWHULDOVFLHQFHDSSOLFDWLRQVRQ
SKRWRQLFGHYLFHVILEUHRSWLFVHQVRUVDSSOLFDWLRQVDQG
LQVWUXPHQWDWLRQ+HLVFXUUHQWO\DSRVWGRFWRUDOUHVHDUFK
IHOORZDW&LW\8QLYHUVLW\RI/RQGRQZRUNLQJZLWKILEUHVHQVRU
IRUKDUVKHQYLURQPHQWDSSOLFDWLRQV

'U 0DWWKLDV )DELDQ UHFHLYHG D GHJUHH 'LSO,QJ )+ LQ
(OHFWURQLFV IURP+RFKVFKXOH:LVPDU*HUPDQ\ LQ+H
VSHQWDVHPHVWHUDWWKH7RN\R8QLYHUVLW\RI6FLHQFH786LQ
7RN\R -DSDQ LQ  JDLQLQJ SUDFWLFDO H[SHULHQFH ZLWK
PLFURZDYH DQG RSWLFDO GHYLFHV +H ZDV DZDUGHG KLV 3K' LQ
)LEUH2SWLF6HQVRUVIURPWKH8QLYHUVLW\RI/LPHULFN,UHODQG
LQ  ,Q  KH ZDV DZDUGHG D VKRUWWHUP YLVLWLQJ
UHVHDUFKHUJUDQWIURPWKH,WDOLDQ1DWLRQDO5HVHDUFK&RXQFLOIRU
DVWD\DWWKH1DWLRQDO,QVWLWXWHRI2SWLFVLQ1DSOHV,WDO\ZKHUH
KHZRUNHGRQILEUHORRSFDYLW\ULQJGRZQVSHFWURVFRS\+HZDV
D 6\VWHPV (QJLQHHU LQWHUQ DW ,QWHO &RUSRUDWLRQ IRU D \HDU LQ
 ZULWLQJ VRIWZDUH IRU ZLUHOHVV VHQVRUV FRQQHFWHG WR
$QGURLGGHYLFHV+HLVFXUUHQWO\DSRVWGRFWRUDOUHVHDUFKIHOORZ
DW &LW\ 8QLYHUVLW\ /RQGRQ 8. ZRUNLQJ RQ RSWLFDO ILEUH
VHQVRUV IRU D YDULHW\ RI DSSOLFDWLRQV LQ WKH FLYLO HQJLQHHULQJ
PDULQHDQGSRZHUHOHFWURQLFVVHFWRU

'U0LRGUDJ9LGDNRYLFUHFHLYHGKLV%DFKHORURI(QJLQHHULQJIURP
)DFXOW\ RI 7HFKQLFDO 6FLHQFHV 8QLYHUVLW\ RI 1RYL 6DG
IROORZHG E\ ERWK 06F 7HOHFRPPXQLFDWLRQV DQG 1HWZRUNV
DQG 3K' GHJUHH 2SWLFDO ILEUH VHQVRUV IRU LQGXVWULDO
DSSOLFDWLRQVIURP&LW\8QLYHUVLW\RI/RQGRQ+HZDVDZDUGHG
(UDVPXV0XQGXVVFKRODUVKLSWRVWXG\DEURDGDQGIXOO\
IXQGHG 3K' VWXGHQWVKLS  IURP &LW\ 8QLYHUVLW\ RI
/RQGRQ+LV3K'ZDVPDLQO\IRFXVHGRQGHVLJQGHYHORSPHQW
DQG HYDOXDWLRQ RI RSWLFDO ILEUHEDVHG VHQVRUV IRU KDUVK
LQGXVWULDOHQYLURQPHQWVHJHOHFWULILHGWUDLQRSHUDWLRQPDULQH
OLIWLQJVXUIDFHVHWF+HLVFXUUHQWO\DSRVWGRFWRUDOUHVHDUFK
IHOORZDW&LW\8QLYHUVLW\RI/RQGRQZRUNLQJRQGHYHORSPHQW
RIQXPEHURIRSWLFDOILEUHEDVHGVHQVRUVWRWDFNOHWKHFKDOOHQJHV
IDFHGE\LQGXVWULDOFROODERUDWRUV
;XDQ/LXUHFHLYHGKLV0(QJGHJUHHLQ(OHFWULFDODQG(OHFWURQLFV
(QJLQHHULQJIURP4XHHQ
V8QLYHUVLW\%HOIDVW8.LQ+H
LV ZRUNLQJ WRZDUGV KLV 3K' GHJUHH DW 8QLYHUVLW\ RI /HHGV
8. +LV FXUUHQW UHVHDUFK LQWHUHVWV LQFOXGH EDWWHU\ PRGHOLQJ
SDUDPHWHU LGHQWLILFDWLRQ LQWHUQDO VWDWH HVWLPDWLRQ DQG
VXVWDLQDEOHPDQDJHPHQW

;LDQJ/LUHFHLYHGWKH%6FGHJUHHLQ(OHFWULFDO(QJLQHHULQJDQG
$XWRPDWLRQIURP'DOLDQ-LDRWRQJ8QLYHUVLW\'DOLDQ&KLQDLQ
 WKH 06F GHJUHH LQ (OHFWULFDO 3RZHU 6\VWHPV
(QJLQHHULQJIURP8QLYHUVLW\RI0DQFKHVWHU0DQFKHVWHU8.
LQ+HZDVSXUVXLQJWKH3K'GHJUHHLQ(OHFWULFDO
(QJLQHHULQJ ZLWK 8QLYHUVLW\ RI /HHGV /HHGV 8. DQG KDV
FRPSOHWHGKLV3K'YLYD LQ-DQXDU\+HRQFHVWXGLHG LQ
'HSDUWPHQWRI(OHFWULFDODQG&RPSXWHU(QJLQHHULQJ(&(DW
8QLYHUVLW\RI0DFDX0DFDX&KLQD+HLVFXUUHQWO\D5HVHDUFK
$VVLVWDQWZLWK6FKRRORI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ
8QLYHUVLW\ RI /HHGV +LV FXUUHQW UHVHDUFK LQWHUHVWV LQFOXGH
OLWKLXPLRQ=LQF1LFNHO)ORZEDWWHULHVPRGHOOLQJVLPXODWLRQ
HPXODWLRQWHVWLQJEDODQFLQJV\VWHPRSWLPL]DWLRQDQGEDWWHULHV
PDQDJHPHQW DQG WKHLU DSSOLFDWLRQV WR HOHFWULF YHKLFOHV DQG
SRZHUV\VWHPVDVHQHUJ\VWRUDJHGHYLFHV

3URIHVVRU .DQJ /L UHFHLYHG WKH %6F GHJUHH LQ ,QGXVWULDO
$XWRPDWLRQIURP;LDQJWDQ8QLYHUVLW\+XQDQ&KLQDLQ
WKH 06F GHJUHH LQ &RQWURO 7KHRU\ DQG $SSOLFDWLRQV IURP
+DUELQ,QVWLWXWHRI7HFKQRORJ\+DUELQ&KLQDLQDQGWKH
3K' GHJUHH LQ &RQWURO 7KHRU\ DQG $SSOLFDWLRQV IURP
6KDQJKDL -LDRWRQJ 8QLYHUVLW\ 6KDQJKDL &KLQD LQ  +H
DOVR UHFHLYHG '6F GHJUHH LQ (QJLQHHULQJ IURP 4XHHQ¶V
8QLYHUVLW\%HOIDVW8.LQ
%HWZHHQ  DQG  KH ZRUNHG DW 6KDQJKDL -LDRWRQJ
8QLYHUVLW\ 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\ DQG 4XHHQ¶V
8QLYHUVLW\ %HOIDVW DV D UHVHDUFK IHOORZ %HWZHHQ  DQG
 KH ZDV D /HFWXUHU  D 6HQLRU /HFWXUHU  D
5HDGHU  DQG 3URIHVVRU  ZLWK WKH 6FKRRO RI
(OHFWURQLFV (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH
4XHHQ¶V 8QLYHUVLW\%HOIDVW %HOIDVW8.+HFXUUHQWO\KROGV
WKH&KDLURI6PDUW(QHUJ\6\VWHPVDWWKH8QLYHUVLW\RI/HHGV
8.+LVUHVHDUFKLQWHUHVWVFRYHUQRQOLQHDUV\VWHPPRGHOOLQJ
LGHQWLILFDWLRQ DQG FRQWURO DQG DUWLILFLDO LQWHOOLJHQFH ZLWK
VXEVWDQWLDO DSSOLFDWLRQV WR HQHUJ\ DQG SRZHU V\VWHPV VPDUW
JULG HOHFWULF YHKLFOHV UDLOZD\ V\VWHPV DQG HQHUJ\
PDQDJHPHQWLQHQHUJ\LQWHQVLYHPDQXIDFWXULQJSURFHVVHV+H
KDV DXWKRUHGFRDXWKRUHG RYHU  MRXUQDO SXEOLFDWLRQV DQG
HGLWHGFRHGLWHGFRQIHUHQFHSURFHHGLQJV
'U /L FKDLUV WKH ,((( 8.5, &RQWURO DQG &RPPXQLFDWLRQ
,UHODQG FKDSWHU DQG ZDV WKH 6HFUHWDU\ RI WKH ,((( 8. 	
,UHODQG 6HFWLRQ +H LV D 9LVLWLQJ 3URIHVVRU RI 4XHHQ¶V
  ,(((6(16256-2851$/92/;;12;;0217+;;;;;

8QLYHUVLW\ %HOIDVW 6KDQJKDL -LDRWRQJ 8QLYHUVLW\ 7LDQMLQ
8QLYHUVLW\DQG6KDQJKDL8QLYHUVLW\

3URIHVVRU 7RQJ 6XQ ZDV DZDUGHG WKH GHJUHHV RI %DFKHORU RI
(QJLQHHULQJ0DVWHURI(QJLQHHULQJDQG'RFWRURI(QJLQHHULQJ
IURP WKH 'HSDUWPHQW RI 3UHFLVLRQ ,QVWUXPHQWDWLRQ RI +DUELQ
,QVWLWXWHRI7HFKQRORJ\+DUELQ&KLQDLQDQG
UHVSHFWLYHO\ 6KH ZDV DZDUGHG WKH GHJUHH RI 'RFWRU RI
3KLORVRSK\DW&LW\8QLYHUVLW\ LQDSSOLHGSK\VLFV LQDQG
ZDV DQ $VVLVWDQW 3URIHVVRU DW 1DQ\DQJ 7HFKQRORJLFDO
8QLYHUVLW\LQ6LQJDSRUHIURP\HDUWREHIRUHVKHUH
MRLQHG&LW\8QLYHUVLW\LQDVD/HFWXUHU6XEVHTXHQWO\VKH
ZDVSURPRWHGWRD6HQLRU/HFWXUHULQD5HDGHULQ
DQGD3URIHVVRULQDW&LW\8QLYHUVLW\/RQGRQ3URI6XQ
LV FXUUHQWO\ WKH 'LUHFWRU RI 5HVHDUFK &HQWUH RI 6HQVRUV DQG
,QVWUXPHQWDWLRQ DQG LV OHDGLQJ D UHVHDUFK WHDP IRFXVHG RQ
GHYHORSLQJ D UDQJH RI RSWLFDO ILEUH VHQVRUV IRU D YDULHW\ RI
LQGXVWULDO DSSOLFDWLRQV LQFOXGLQJ VWUXFWXUDO FRQGLWLRQ
PRQLWRULQJ HDUO\ ILUH GHWHFWLRQ KRPHODQG VHFXULW\ SURFHVV
PRQLWRULQJ IRRG TXDOLW\ DQG HQYLURQPHQWDO PRQLWRULQJ 6KH
KDVEHHQZRUNLQJFORVHO\ZLWKSDUWQHUVDFURVVGLVFLSOLQHVIURP
DFDGHPLDDQGLQGXVWU\ERWKLQWKH8.DQGRYHUVHDV3URI6XQ
LV D PHPEHU RI WKH ,QVWLWXWH RI 3K\VLFV DQG D )HOORZ RI WKH
,QVWLWXWLRQ RI (QJLQHHULQJ DQG 7HFKQRORJ\ DQG D &KDUWHUHG
3K\VLFLVWDQGD&KDUWHUHG(QJLQHHULQWKH8QLWHG.LQJGRP6KH
KDVDXWKRUHGRUFRDXWKRUHGVRPHVFLHQWLILFDQGWHFKQLFDO
SDSHUV

3URIHVVRU .HQQHWK *UDWWDQ JUDGXDWHG LQ 3K\VLFV IURP 4XHHQV
8QLYHUVLW\%HOIDVWZLWKD%6F)LUVW&ODVV+RQRXUV LQ
IROORZHGE\D3K'LQ/DVHU3K\VLFVLQWKHXVHRI ODVHUSUREH
WHFKQLTXHV IRU PHDVXUHPHQWV RQ SRWHQWLDO QHZ G\H ODVHU
V\VWHPV,QKHEHFDPHD5HVHDUFK)HOORZDWWKH,PSHULDO
&ROOHJH RI 6FLHQFH DQG 7HFKQRORJ\ WR ZRUN RQ DGYDQFHG
SKRWRO\WLF GULYHUV IRU QRYHO ODVHU V\VWHPV ,Q  KH MRLQHG
&LW\ 8QLYHUVLW\ DV D QHZ EORRG /HFWXUHU LQ 3K\VLFV EHLQJ
DSSRLQWHG3URIHVVRURI0HDVXUHPHQWDQG,QVWUXPHQWDWLRQDQG
+HDG RI WKH 'HSDUWPHQW RI (OHFWULFDO (OHFWURQLF DQG
,QIRUPDWLRQ(QJLQHHULQJ LQ  +LV UHVHDUFK LQWHUHVWVKDYH
H[SDQGHGWRLQFOXGHWKHXVHRIILEUHRSWLFDQGRSWLFDOV\VWHPV
LQ WKH PHDVXUHPHQW RI D UDQJH RI SK\VLFDO DQG FKHPLFDO
SDUDPHWHUVIRULQGXVWULDODSSOLFDWLRQV+HREWDLQHGD'6FIURP
&LW\8QLYHUVLW\/RQGRQLQIRUKLVZRUNLQVHQVRUV\VWHPV
ZDV 3UHVLGHQW RI WKH ,QVWLWXWH RI 0HDVXUHPHQW DQG &RQWURO
GXULQJWKH\HDU+HZDVDZDUGHGWKH&DOHQGDU0HGDODQG
WKH +RQH\ZHOO 3UL]H RI WKH ,QVWLWXWH RI 0HDVXUHPHQW DQG
&RQWURO DQG ZDV 'HDQ RI WKH 6FKRRO RI (QJLQHHULQJ 	
0DWKHPDWLFDO6FLHQFHVDQG WKH6FKRRORI ,QIRUPDWLFVDW&LW\
8QLYHUVLW\IURP+HZDVDSSRLQWHG'HDQRIWKH&LW\
*UDGXDWH6FKRROLQ+HZDVHOHFWHGD)HOORZRIWKH5R\DO
$FDGHP\RI(QJLQHHULQJLQ+HLVWKHDXWKRURIRYHUVHYHQ
KXQGUHG SXEOLFDWLRQV LQ PDMRU LQWHUQDWLRQDO MRXUQDOV DQG
FRQIHUHQFHVDQGLVWKHFRHGLWRURIDILYHYROXPHWRSLFDOVHULHV
RQ2SWLFDO)LEUH6HQVRU7HFKQRORJ\
